Introduction
The success of an organism depends to a large extent on its ability to adapt to changing environments and to exploit new niches. This requires new gene functions that can cope with the environmental changes, for instance by metabolizing new substrates or deactivating toxins. The classical model of the creation of these novel genes is by duplication followed by divergence (Ohno 1970 ). A redundant copy can then freely be modified and may in time assume a new role. By duplication and divergence of genes, successful subdomains can be reused for new or related purposes. As a result, the two genes can be said to belong to a family, being related by sequence similarity, if not by function. Naturally, this relationship will decrease with time until no discernable similarity can be observed in regions of low conservation.
After duplication, the resulting copy can meet one of three fates: selection, silencing, or deletion (Ohno 1970; Li 1999) . The duplicate may therefore avoid redundancy by assuming a novel selected function or by splitting ancestral functions. Copies may also be degraded to pseudogenes by mutational inactivation. Finally, copies can be removed from the genome by deletion. Of course, mutational time is a deciding factor, since copies need sufficient modifications to be able to assume roles different from their parents, assuming that they are initially neutral. Thus, the deletion rate is of great importance to gene innovation by giving copies time to diverge. Recently, the classical view of duplication, that one copy is neutral and free to evolve while the other remains selected, has been challenged in work by Kondrashov et al. (2002) and Lynch and Conery (2000) , who show that paralogs do not seem to have experienced any extensive period of neutral evolution. Kondrashov et al. (2002) proposed that paralogs avoid neutrality through gene amplification, followed by a period of either relaxed or positive selection. Kondrashov et al. (2002) also observed that paralogs evolve faster than their corresponding orthologs. Again, this could be due to relaxed or positive selection. Another theory of gene innovation by duplication is the duplication-degenerationcomplementation (DDC) model (Force et al. 1999 ). In this model, paralogs become selected and retained by losing separate subfunctions from a multifunctional ancestor gene. Redundant material is discarded through degradation. A large number of observations (Force et al. 1999 ) support the DDC model, although mostly in diploid or polyploid eukaryotes.
Lynch and Conery (2000) have studied the distributions of paralogs in six eukaryotes as a function of the numbers of substitutions at silent sites and replacement sites, estimating rates of origin of new duplications. In this study, however, we focus primarily on microbial genomes and the numbers of paralogs in different categories of amino acid similarity in order to reach an understanding of how effective duplication is as a mechanism of gene innovation. In some of the cases, we also look at relations with the numbers of changes per synonymous site (K s ) to study the time scales and estimate rates. Furthermore, in genomes with strong codon bias (e.g., E. coli and S. cerevisiae) the relationship between the expression level of a gene and its propensity for duplication can be studied.
Materials and Methods
The full nucleotide sequences of the microbes in table 1 were downloaded from GenBank (http://www.ncbi. nlm.nih.gov/Genbank/).
Within each organism, Blast (Altschul et al. 1990 ) scores were calculated by searching a six-frame protein sequence translation of nucleotide sequences against protein sequences in the genome. Sequences scoring hits against other sequences of E-value 10 ÿ20 or lower were considered to be paralogs and were therefore linked into a cluster. If further paralogs were found, they were also linked into the cluster. Thus, it is possible for two genes to belong to the same cluster even though they have no direct similarities to each other-they may match separate regions of a third gene. However, these clusters are used only to identify and count duplication events; no claim of homology between all pairs of genes in the cluster is implied.
The degree of amino acid sequence similarity (identity) between two paralogs is a measure of how well they align. In this study, identity levels are used as cutoffs for cluster building. If two genes have an identity level equal to or higher than the cutoff, they are clustered. The average size of clusters will increase as identity cutoffs decrease. The set of clusters where the identity cutoff is 95% is named p95-the name being an abbreviated form of ''paralogs at 95% or higher identity.'' The succeeding set of clusters is built at p90, that is, at a cutoff of 90% identity and so on down to p60. Thus, paralogs in p95 have experienced a lower number of nonsynonymous changes than p90. As mutational changes accumulate, paralogs become less similar, thereby moving down along the identity groups from p95 to p60.
Identity was based on the amino acid level, and not on nucleotide differences, since paralogs are assumed to attain new functions when and if the resulting protein is sufficiently distinguishable from the original. Nucleotide differences are not as informative in this respect.
Difference sets are often used, that is, the difference set of p60 minus p70 are those genes scoring more than or equal to 60% but less than 70% identity. This is to isolate paralogs that have experienced a certain number of changes, thereby being at different stages in a paralog life span (see Introduction).
Transposon-Elements, Phage-Elements, and IS-Elements
Not all paralogs in a genome can be regarded as genes with protein products that contribute to an expansion of gene families. There are open reading frames (ORFs), which have a higher propagation rate than others purely by virtue of viral activity or repetitive DNA structures, being more promiscuous than ordinary genes. Such ORFs are often referred to as transposons or insertion sequences (IS), which carry no information other than the structures necessary for transposition.
Rather than relying on annotation, which may be cumbersome for a large number of organisms, a simplistic way of assessing promiscuous sequences could be the following: If duplication sites are random and equally likely, cluster sizes in p95 can be approximated by a Poisson distribution, with the expected value k ' n p95 =n G (number of genes in p95 divided by the total number of genes in the organism). Thus, the probability of randomly duplicating a particular gene twice within the same identity category is less than 0.01 (P½2 ¼ k 2 e ÿk =2!) for S. solfataricus and S. cerevisiae and even lower for the remaining organisms in this study. Thus, clusters of size two and three are included, whereas clusters of four or more genes in p95 are considered to be effects of nonrandom duplication (P , 0:001). The terms random and nonrandom are used only in this mathematical sense. We refer to the removed sequences as nonrandom duplications (NRDs).
For a few prominent organisms, we evaluated how well this simple filtering worked. For E. coli, the NRD filter removed 43 of 54 annotated transposons in p95. In S. cerevisiae, 82 of 84 transposon-related sequences were removed. In S. typhimurium however, only five paralogs were removed and they were annotated as ABC transporters, while 24 prophage sequences remained. The ABC transporter superfamily shares a conserved ATP-binding cassette but can be relatively diverse in what they transport. In V. cholera, 24 sequences were removed, none of which annotated as transposon. Their annotated functions suggest that they are not members of the integron island (Heidelberg et al. 2000) . Of the 63 remaining sequences, two were annotated as transposons. The effect of this method on L. lactis was rather ambiguous; whereas 38 annotated transposons were removed, the remaining 18 sequences were annotated as prophage DNA. Clearly, the method will miss promiscuous sequences that happen to be present in only a few copies. Conversely, some partially diverging sequences with different functions could be erroneously removed by this method (e.g., the ABC transporters).
Hence, it is clear that not all such sequences can be removed from all genomes. In fact, the p95 group should always be considered as spurious. In the remaining groups p90 to p60, very few transposons are found. In E. coli, only two new transposon groups are found below p95. It appears as if these promiscuous sequences have a low survival rate in most genomes.
A Mutation and Deletion-Based Model of Paralog Distribution
We consider two classes of duplications, neutral duplications that are subject to deletion (with rate k del per gene per generation) and selected duplications that remain. After time T, the duplicate and the original will have a synonymous divergence (average number of synonymous changes per synonymous site) of K s ¼ UT, where U is the synonymous substitution rate (roughly twice the mutation rate per base pair, since the change can occur on either copy). The influx of new duplications per unit time is assumed to be a 0 U and a s U for neutral and selected duplications, respectively. Thus, a 0 and a s are the duplication rates normalized to the mutation rate. Assuming further that duplicated genes are on average L codons in length, the number, n 0 i , of neutral duplicated genes with i synonymous changes will vary in time according to
At the stationary state, the time derivatives are zero and
Note that i and K s count the number of synonymous changes per site that have occurred and therefore include multiple hits. Similarly, the number of selected duplications with i synonymous changes is
The total number of duplicated genes with divergence less than or equal to K s is the sum of equations 3 and 4 from
The approximation holds if K s L is sufficiently large, that is, so large that neutral duplicates do not survive beyond divergence K s . Thus, the total number of neutral duplications is
which corresponds to the excess number of duplications that appear with small K s values (including K s ¼ 0). In all genomes we looked at, n s 0 1 from equation 4. Then the number of unmutated duplications is n 0 ¼ n 0 0 and from equations 3 and 5 the deletion rate can be calculated as
and the neutral duplication rate is
In E. coli, from a comparison of the survival of lateral transfer genes in the strains K12 and O157 (Hooper and Berg 2002) , we have estimated the ratio k del =U ¼ 7:5 for neutral deletions. The same number has been estimated in S. cerevisiae (Lynch and Conery 2000) using a different method. Thus, only a very slight fraction of neutral duplications can remain beyond K s larger than ca. 0.5. Only the selected duplications remain for larger values of K s . Using the laboratory mutation rate (Drake 1991) for base pair substitution (u BP ) as the rate of synonymous change in E. coli, U ¼ 2u BP ¼ 8 3 10 ÿ10 per base pair per generation, or U ¼ 0:15 per Myr if there are ca. 200 generations per year. The mutation rate (per base pair per generation) in S. cerevisiae is roughly half of this (Drake 1991) .
For the rate of appearance of new gene duplications in E. coli we estimated (Hooper and Berg 2002) a 0 ¼ k dup =U ¼ 1; 500 per genome. As we will see below, the present analysis, accounting specifically for the class K s ¼ 0, gives significantly larger estimates for duplication and deletion rates than those quoted above.
Substitution Rates
For some organisms, the numbers of synonymous changes at synonymous sites (K s ) and nonsynonymous changes at nonsynonymous sites (K a ) were calculated using the PAML package (Yang 1997) . These calculations were based on events rather than clusters (see above). The number of duplication events is consequently (genes in cluster) ÿ1. Values of K a are very strongly negatively correlated with gene identity, as expected.
Another noteworthy difference in this method compared with the amino acid method is the acceptance of only one frame-both paralogs must keep the same coding frame. Only ORFs or genes that are in the same frame can be used for the calculation of K a and K s . Thus, we can expect some differences when comparing an event model with the cluster model.
Results

Number of Paralogs
After the initial clustering of genes by the different Evalue thresholds, the total numbers of paralogs (n p ) correlate well to the genome size (n G ) of the organism ( fig. 1 ). The correlation coefficient is 0.96. Exceptions to this may be the obligate intracellular parasites C. trachomatis and R. prowazekii. The linear regression between the number of clustered paralogs (n p ) and the total number of genes (n G ) is n P ¼ 0:46n G ÿ 471:
The frequencies of nonrandom duplication vary greatly among the microbes in this study (table 2) and do not seem to be correlated with lifestyle, except that all the obligate intracellular parasites lack these sequences. The crenarchaeota S. solfataricus has a high proportion of genes in large clusters in p95, suggesting that a number of genes have been duplicated more than twice within a timeframe of less than or equal to one change per 20 amino acids. It has been estimated that nearly 10% of the S. solfataricus genome are transposons (She et al. 2001) , which is consistent with this study. However, the other crenarchaeota P. aerophilum was found to have few sequences resembling transposons or IS elements at high nucleotide identity levels (Fitz-Gibbon et al. 2002) . Bacteria that are otherwise quite similar, such as E. coli and S. typhimurium, can differ greatly in numbers of nonrandom duplications (table 2) . This would reflect the fast rate of transposon propagation in a genome. Calculating the nucleotide identity score for the E. coli p95 set of genes, nonrandom duplications score on average very close to 100%. Therefore, there is a sharp decline in the numbers of potential transposons as changes accumulate. The low numbers of transposons/IS elements in p90 and below imply a rapid deletion of such sequences. In the studied eubacteria, there is a general lack of ''older'' members of transposon groups, which could imply that transposons invade genomes, propagate, lose the ability to propagate after mutational degradation, and are deleted. Alternatively, the mobile nature of these sequences may imply that they are also deleted more often. Deletion rates could be sufficiently high to limit transposons in some eubacteria and archaea. In S. solfataricus and P. aerophilum, deletion rates may not be large enough, since these structures seem to have more impact in data sets of decreasing identity (see below).
Amino Acid Divergence
The distribution of paralogs by identity scores is shown as table 2. This distribution can be interpreted either as a static one, where paralogs have diverged just far enough as required from functional requirements and then conserved at that level. More likely, it represents a snapshot of a flux, where paralogs slowly continue to diverge. Different paralogs would flow at different rates, depending on selection and functional constraints, but the group with the highest amino acid identity would correspond to the most recent duplications. This latter picture is supported also by the analysis of the nucleotide divergence below.
In general terms, the archaea and free-living eubacteria have roughly the same patterns of paralogs in groups p90 to p60, with differences in p95 being attributable to possible remaining IS sequences and other spurious ORFs (see above), to large groups of transporters (e.g., S. typhimurium), or to duplication of large segments of DNA (e.g., N. meningitidis [see below]). B. subtilis is known to have large families, notably a group of 77 ATP-binding transport proteins (Kunst et al. 1997 ), but these are not very pervasive through groups p95 to p60. The majority of these genes are found in the Rest set.
A large number of the excess genes in p95 could also be very recent neutral duplications that have not yet been deleted. This will be considered in more detail with the nucleotide divergence below. The smaller free-living eubacterial genomes considered have up to approximately 2,300 genes, ranging from T. maritima at 1,842 genes to L. lactis at 2,266 genes. The proportion of p95 paralogs in the genome is generally low, with the notable exception of N. meningitidis, which has a disproportionate amount of recent duplications. In this genome, 5.5% of the genes are paralogs of 90% or higher identity. Upon closer inspection, many of these paralogs have been created in few but large multiple sequence duplications. In fact, the difference set of (p90-p95) is more similar in size to other eubacteria, indicating that the large number of recent paralogs may be the result of a sudden ''burst'' of duplication and perhaps not representative of an ongoing process. The archaea also cover a wide range of duplication patterns, from M. jannaschi with very few recent copies to S. solfataricus and A. fulgidus, which are comparable to the free-living eubacteria. Gene duplication has been proposed to be significant in Archaeoglobales diversity (Klenk et al. 1997 ). All four archaea are extreme thermophiles, so no correlation with lifestyle is observed. S. solfataricus is heavily affected by the removal of nonrandom duplications and would otherwise have very high proportions of paralogs in p95. S. solfataricus has the largest number of paralogs in sets p90 and below of all organisms used in this study. These could be remnants of old transposons that are gradually degrading and deleted, which is consistent with the steady decline of paralogs, or they could be copies of functional genes that have been duplicated in conjunction with transposons. R. prowazekii and C. trachomatis are both considered obligate intracellular parasites (Zomorodipour and Andersson 1999) undergoing a reductive evolution , and a similar mechanism of gene decay can be observed in M. leprae (Cole et al. 2001) . They appear very different from the majority of eubacteria mentioned above, since duplications seem to be very rare events in R. prowazekii and C. trachomatis-both have only one duplication event in p85. R. conorii is similar to R. prowazekii and has a similar lifestyle. M. leprae has eight recent paralogs, suggesting that the reductive evolutionary forces are not yet as severe as in the two other obligate parasites. M. tuberculosis is not an obligate intracellular parasite, which may be reflected in the higher numbers of paralogs.
The sole eukaryote, S. cerevisiae, also clearly distinguishes itself in the data set of table 2, having a large number of paralogs throughout p95 to p60. The large number of clusters in p95 could indicate a duplication rate that is much higher than for any other organism used in this study. Even though a large amount appears to be deleted at p90, there is still a considerable amount of paralogs in sets p90 and below, suggesting a larger flow of diverging duplications. This picture is somewhat modified when we look at the distribution of duplications versus synonymous nucleotide divergence (K s ) below. It is worth noting that of the 818 paralogs in p95, more than half are paralogous to sequences on the noncoding strand of their hit. These duplications are not ORFs in themselves, but have been incorporated into other ORFs as fragments. Although they appear to be bona fide duplications and may alter existing genes, they do not contribute new genes. Furthermore, they all have 100% amino acid identity, albeit not in the expected translation frame, and almost all are of 100% nucleotide identity as well. They therefore seem to be of recent origin and very short lived.
Nucleotide Divergence
While the amino acid identity score is an important measure of gene-product divergence and therefore of the contribution to gene innovation, it does not answer several vital questions, such as whether paralogs can be considered neutral, selected but diverging, or selected and conserved. Paralogs that are selected and conserved would be saturated in K s but still have high identity (low K a ) scores.
The distributions of paralogs in the identity groups give only a rough idea of the age distribution, as amino acid replacements have varied rates. Age is better represented by the number of synonymous changes (K s ). In table 3, we have listed the number of duplications as distributed over divergence classes (K s ). In this list, ORFs annotated as transposons or phage related have been removed. As shown in table 3, the distribution of duplications over K s groups is very similar to that over the identity groups. There is an excess density at K s , 0:4, and an approximately constant density up to K s ' 4. K s values above 2 to 3 are influenced by saturation and are not useful as a time measure. The approximately constant density for K s , 4 is interpreted as the contribution from selected duplications (eq. 4). The excess in the groups at K s , 0:4 is interpreted to be from neutral duplications waiting to be deleted (eq. 5).
K s can be calculated for out-of-frame duplications only when the nucleotide identity is 100%, in which case K s ¼ 0. In table 3, there is a large fraction (e.g., 98% in S. cerevisiae and 100% in E. coli) of new duplications (K s ¼ 0) in a different frame. These seem to be very short lived, as there are very few out-of-frame duplications that have less than 100% nucleotide identity; that is, most of them disappear before any mutation has occurred, implying k del . UL. These 100% identical out-of-frame duplications have been included in the calculations below and contribute to the very high estimated turnover rates.
A K a /K s ratio that exceeds 0.5 in the range 0:01 , K s , 4 can be considered approximately neutral. In the eubacteria, there are few paralogs that satisfy this criterion. The proportion of events that exceed 0.5 was one of 134 in E. coli, two of 85 in B. subtilis and two of 175 in P. aeruginosa. S. cerevisiae had a higher number, 21 of 246 events, and the archaea P. aerophilum had three of 64 events.
Gene Expression
The codon adaptation index (CAI; Sharp and Li 1987a ) is used as a measure of expression level, since CAI compares the codon usage in a gene with that of a reference The Nature of Gene Innovation 949 set of highly expressed and selected genes. The distribution of CAI scores among the paralogs was studied for E. coli and S. cerevisiae ( fig. 2) . Genes scoring higher than 0.4 were considered to be of high expression. In E. coli, we observed that recent (K s , 1) duplications are skewed towards low CAI; in only two of 32 events do both paralogs score higher than CAI ¼ 0:4, compared with 18% in the whole genome. Thus, genes of low expression, as measured by CAI, are overrepresented among recent duplications (P , 0:05). This could imply that a duplication event of any of the highly expressed genes is counter selected-perhaps through an all too severe gene dosage effect. Alternatively, duplication events could be more common in regions of low CAI genes. The CAI distribution of events with 1 , K s , 2 appears skewed to high CAI values (fig. 2a) ; this is discussed below. For S. cerevisiae, the picture is radically different. There is an excess of highly expressed genes in recent duplications with K s , 1 (P , 0:01). Sixty of 120 (50%) events have CAI . 0:4, compared to 5.1% in the whole genome. This is in agreement with findings by Seoighe and Wolfe (1999) , who studied mRNA expression levels. However, the numbers of duplications among highly expressed genes (as measured by CAI) decrease above K s ¼ 1 (fig. 2b) . Furthermore, among the 63 most recent duplications (with K s , 0:02) there is only one with CAI . 0:4. Thus, the ongoing processes seem to avoid duplicating high expression level genes in S. cerevisiae as well as in E. coli, in contrast to recent suggestions (Kondrashov et al. 2002 ). An explanation for this could be that some genes are selected for high expression through gene dosage. Thereby both paralogs would remain selected and conserved with the same function. Furthermore, genes with high CAI values will have artificially low K s values, due to selection on synonymous changes (Sharp and Li 1987b) . In E. coli, this reduction in K s at high CAI is strengthened by a decrease in the mutation rate for genes at high expression (Berg and Martelius 1995) , probably due to transcription-repair coupling. Thus, the duplications of highly expressed genes in S. cerevisiae may be older than they appear (based on K s ), and most of them could derive from the proposed genome duplication ca. 10 8 years ago (Wolfe and Shields 1997) . Finally, high-CAI genes in E. coli are seemingly overrepresented in duplications with 1 , K s , 2 in figure 2a. However, as discussed above, due to the codon bias, these duplications could be significantly older than the genes with lower CAI values in the same K s range. It is also interesting to note that most of the high-CAI paralogs fully overlap their siblings, as opposed to low-CAI paralogs, which are often fragmented. In S. cerevisiae, fragmentation in recent (K s < 1:0) duplications is biased in favor of low CAI genes. Of the genes with CAI , 0:4, 50 of 173 are fragmented at less than 90% length. Only one of 61 genes with CAI > 0:4 is similarly fragmented. This supports the suggestion above that the high-CAI duplications are amplified for strong functions and are thus selected and conserved rather than providing new functions.
Duplication events were compared in E. coli and S. typhimurium. The median K s value between orthologs in these two bacteria is 1.3. Genes with high CAI (CAI . 0:4) have a lower median K s -value of 0.8, compared with low CAI genes (,0.4) with a K s -value of 1.5. It was observed that recent duplications (K s , 1) in either organism rarely have orthologs in the other. Only 10 of 34 duplication events in E. coli have orthologs in S. typhimurium, compared with 79% of all genes in E. coli. Thus, the expected number would be 27 if duplications were random over the whole genome (P , 0:001). A similar significant (P , 0:001) underrepresentation was seen in S. typhimurium (13 of 33; expected number is 26). This observation would suggest that (1) gene amplification may be deleterious for a core set of essential genes, whether of high expression or not, or that (2) some genes may be subject to higher rates of turnover due to their chromosomal position or due to repetitive DNA. It is therefore possible that lateral-transfer genes tend to be duplicated more often, as suggested previously (Hooper and Berg 2002) . 
Rates of Duplication and Deletion
From the distribution over K s -values (table 3) we can estimate the influxes of selected and neutral duplications using equations 5, 6, and 7. The data in table 3, using the region 0:4 < K s , 1:6 to estimate the density (or flow) of selected duplications, gives, for S. cerevisiae, a s ¼ 26, a 0 =L ¼ 10 3 , and k del =UL ¼ 3. These calculations were made after removing genes of high CAI, which are expected to have anomalously low K s -values, as discussed above. The fraction of the total duplications that are selected and kept in the genome is a s /a 0 ; assuming an average target size for synonymous substitution of L ¼ 300, this corresponds to a probability that a duplication is selected of ca. 10 ÿ4 . From the data for E. coli in table 3, one gets in the same way, a s ¼ 12, a 0 =L ¼ 38, and
The rate of fixation (a S U) of new duplicated genes in E. coli is ca. two genes per Myr, based on a mutation rate of U ¼ 0:15 per Myr.
Thus, it seems that rates of selected duplication (a s ) and deletion may be of similar order of magnitude in S. cerevisiae and E. coli, wheras there is a much larger influx of neutral duplications (a 0 ) in S. cerevisiae. The other organisms in table 3 are difficult to evaluate with the model, primarily because of small numbers. B. subtilis has very few recent duplications (only one with K s ¼ 0) as well as only a small excess of neutral genes in the class 0 , K s , 0:4. This suggests that the deletion rate is high, k del . UL and k del . a 0 U. In P. aeruginosa, there are six genes with K s ¼ 0 but little or no excess in the class 0 , K s , 0:4. This distribution is similar to that of E. coli. In P. aerophilum, there are no duplicates with K s ¼ 0 but a relatively large excess in both classes with 0 , K s , 0:8. This suggests that the random duplication rate is low, but there has been a burst of duplications (possibly selected) that now have reached a divergence of ca. 0.4. If these are mostly neutral duplications, their survival to significant divergence suggests that the deletion rate is also low. The rates of fixation (a s ), in units of the mutation rate, of new selected genes are of similar order of magnitude in all five genomes of table 3, except that it is lower in P. aerophilum. On the assumption that most duplications are random and therefore neutral, this suggests that duplication rates are high in all the genomes studied, except possibly C. trachomatis and the two species of Rickettsia. The excess of neutral genes (n neutral [eq. 5]) would then be small in genomes where the deletion rates were even higher.
These interpretations are based on an assumption of constant rates. In some cases, this assumption seems untenable and the results fit better for instance with a burst of duplications. But even in the cases (e.g., for S. cerevisiae) where data in table 3 can be interpreted with constant rates, it is of course possible that the excess numbers of duplicates in the classes K s ¼ 0 and 0 , K s , 0:4 are due to recent bursts of duplication. The divergence can also proceed with unequal rates (different values of U) for different duplications. However, this would not much influence the shape of the distribution over the different K s classes.
The estimated rate differences can explain, at least in part, the large differences between E. coli and S. cerevisiae for the distribution along the amino acid identity groups displayed in table 2. Also, the average K a /K s is significantly smaller in S. cerevisiae than in E. coli (table  4) . Thereby the flow would be retarded, and the density of duplications would be correspondingly larger in the amino acid identity groups for S. cerevisiae.
Discussion
General Patterns of Paralog Evolution
The patterns of duplication and deletion vary greatly among different organisms. Correlation with lifestyle seems limited, but some patterns can be discerned: freeliving bacteria have high rates of duplication, but paralogs must be initially selected to stand a chance of surviving. As noted previously (Lynch and Conery 2000; Kondrashov et al. 2001) , based on the K a /K s ratio, there appear to be very few neutral paralogs. In this study, we find a similar situation for E. coli, P. aeruginosa, and B. subtilis. Persistence of neutral paralogs could be low also in other eubacteria, in part undermining Ohno's classical model of paralog evolution (1970) .
The low number of paralogs in R. conorii, R. prowazekii, and C. trachomatis could be due to the stable and providing environment of their eukaryotic hosts. Deletion and/or duplication rates may have changed in these organisms since adopting an obligate intracellular lifestyle, although it is not known which of these rates that has changed. However, R. prowazekii still retains many psuedogenes , indicating that deletion rates are not extreme. This suggests that some event has changed the duplication rate in R. conorii, R. prowazekii, and possibly C. trachomatis, since the latter shares many properties with R. prowazekii. One distinguishing characteristic of these organisms is their isolation. If duplication is facilitated in some form by foreign IS, phage, or transposon sequences, then this mechanism would be absent in the above organisms. Alternatively, these reductive genomes may have lost essential components of recombination pathways.
Rates of Duplication
The two genomes (E. coli and S. cerevisiae) for which paralog numbers are sufficiently large to allow rate 2000) . In fact, these would not be expected to be fixed in the population, instead contributing to the genome diversity of the organism (Berg and Kurland 2002) . The deletion rate for neutral duplications in E. coli is much larger than our estimate for neutral lateral-transfer genes (Hooper and Berg 2002) . This is in part due to the fact that the potential imports considered only complete ORFs of at least 400 nt in length, but duplications were also counted when they appeared as parts of other ORFs. The rate difference could also be due to a difference in molecular mechanism. Values of duplication and deletion derived from the model above indicate high rates, which should be seen as minimum values. The model builds on the assumption that a small number of neutral paralogs survive past the first synonymous substitution-which is hard to prove. If no neutral paralogs survive that far, rates of duplication and deletion are impossible to calculate. It is conceivable that these prodigious rates are facilitated by paralogs flanked by repetitive element-like or IS elementlike DNA.
Gene Dosage Is Vital to Paralog Evolution
The distribution of CAI values among the most recent duplications in E. coli and S. cerevisiae shows that duplication of high expression level genes is avoided or counterselected. This could be a consequence either of protein burden or of a disruptive effect on a cooperative network of interactions in which the gene product participates. The number of paralogs with high CAI (high expression level) and relatively low K s in S. cerevisiae is somewhat spurious, since their age cannot easily be determined. A possible origin is through genome duplication, such as the tetraploidy at approximately 100 MYA described by Wolfe and Shields (1997) . A whole-genome duplication would conserve stoichiometry also between high expression level genes and could therefore be less disruptive than the random duplication of one or a few such genes. The observations show that amplification of strong-or highly expressed-functions often lead to highly conserved paralogs. Thus, such gene amplifications, even if maintained for long periods of time, do not result in functions discernibly different from the ancestor gene. The observation further suggests that amplification, for example as a consequence of a whole-genome or chromosome duplication, of a system of high-expression genes can be stable. Once one such duplication has occurred, it could again be disruptive to remove single gene copies. Thus, a whole-genome or chromosome duplication would result in different categories of genes. First, we expect a conserved set of paralogs, amplified for a strong function. The high-CAI/low-K s genes in S. cerevisiae would be within this category. Second, we expect random deletions of neutral or counterselected amplifications. Third, selected amplification for weak or secondary functions would result in either single genes with strong function or distant paralogs with related functions.
The pattern of CAI values of recent duplications in both E. coli and S. cerevisiae suggests that gene dosage is advantageous primarily for weakly expressed genes. This notion of amplification of primarily weak function and positive selection is supported by the comparison between E. coli and S. typhimurium, where it was found that most recently duplicated genes do not have orthologs in the other bacterium. These particular genes must be either lateral-transfer genes in one organism or genes that have been lost in the other. In either case, they do not carry important core functions in the genome. Thus, we suggest that new functions do not arise as a result of duplication per se, but that the function is already present, albeit at a weak level, in the ancestor. Genes could have weak or secondary functions, or lateral transfer could bring a foreign function into the genome. A weak paralog is easier to improve by substitution than is a highly optimized gene. The presence of several copies increases the probability for a selected mutation in a paralog, resulting in an accelerated adaptive evolution. Thereafter, copy numbers could again shrink as the individual efficiency of paralogs increase.
The picture that emerges is one of rapid duplication and loss. Only a very small fraction of duplicated genes are retained and allowed to be modified (Lynch and Conery 2000) . This small fraction could represent duplications where new functions have evolved. The main problem is the high deletion rates of neutral genes. This leaves little room for free mutation of a redundant copy. To be retained, a duplicated gene must either be immediately selected or very quickly pick up an adaptive mutation that makes it selected for some new function. One way to achieve immediate selection would be through gene dosage (Kondrashov et al. 2002) in response to an increased demand after a change in external conditions. This demand could either be for the primary function or some ancillary function, which would allow a duplicated gene to gain a foothold in the population. If the demand requires an ancillary function to be amplified, the primary function would become overexpressed. This would leave one copy free to pick up adaptive mutations that strengthen the ancillary function and reduce the primary one. In all scenarios, new functions develop from existing ones. There is no room for long-term ''tinkering'' of a sequence through mutational accumulation that leaves the gene without function. If ancillary functions are amplified, the observed difference in evolutionary rates between paralogs and orthologs (Kondrashov et al. 2002) can be attributed to positive selection rather than relaxed selection.
One of the main differences between this model of weak amplification and the subfunctionalization theory put forth by Force et al. (1999) is that genes are not treated as a compartmentalized sequence of domains that can be split, forming novel genes, but rather that a new function can be discovered within extant ones. Therefore, genes do not need multiple domains in order to contribute to gene innovation. Moreover, in the subfunctionalization model, the paralogs are initially neutral if the end result is to split the original gene into separate functions. The majority of these paralogs would not survive the high deletion rates of many microbes long enough to subfunctionalize. Through amplification on the other hand, paralogs may be retained, and the ancillary function may be optimized. Finally, a majority of the observations of subfunctionalization made by Force et al. (1999) are for eukaryotic systems, where polyploidy and cellular differentiation play major roles. The compact genomes of most prokaryotes may require different considerations.
In conclusion, we propose that the mechanism of paralog evolution does not ''invent'' novel gene functions through the divergence of neutral genes. Rather, novel functions are ''discovered'' within extant gene functions, retained by amplification, and developed through paralog evolution.
